Hybrid layered manufacturing is a synergic integration of additive and subtractive manufacturing processes. It takes the positive aspects of both the processes such as accuracy through subtractive and reduction of material through additive. In this work, The metal inert gas (MIG) cladding has been used for addition and computer numerical control (CNC) milling machining is used for subtraction. The process parameters for MIG cladding of H-13 tool steel material was investigated using Taguchi design of experiment (DOE) method. The effect of different process parameters such as current, torch speed and standoff distance, on weld bead width, height and penetration have been studied using analysis of Variance. This paper describes the methodology of analysing and manufacturing of a die element using H13 tool steel material with a proper conformal cooling channel (CCC) and in-situ preheating process using an induction heating system.
Introduction
Additive manufacturing (AM) is a term which embraces a range of new technologies for producing accurate parts directly from 3D CAD models with a minimum time and with a nearly full automation system. This means that designers have the freedom to produce physical models of the 3D CAD model frequently to discuss with manufacturers and customers for clear discussion and further modification using prototypes. Consequently, product development and lead times substantially reduced. Researchers suggested that AM can reduce new product time to market by 90% and the costs by up to 70% (Hopkinson and Dickens, 2003) .
The fastest growing area in AM is the production of metallic objects including in the area of rapid tooling (RT) (Thomas Campbell et al., 2011; Bernard et al., 2009 ). AM of a metallic object generally the techniques might be classified based on the energy source, input material form, build size or size of the machine, etc. Generally, AM system divided into three major categories, such as powder bed systems, powder feed systems and wire feed systems (Frazier, 2014) . Among the three classification wire fed-based system has the highest rate of deposition of between 1 and 4 kg/h for aluminium and steel materials (Williams et al., 2016) .
Conventional mould making practice that depends on machining operations to generate the desired mould cavity is not found to be competitive any longer. This has led to a significant growth in AM-based tooling, referred to as RT. RT aims only at a long life, meaning a tool able to form several thousand or even millions of parts before final wearing-out (Levy et al., 2003) . The development of mould and die inserts using AMbased processes can be able to reduce tooling production time by 50%.
Few of the reasons to increase productivity and tool life are the efficient utilisation of cooling channels (Morrow et al., 2007) . With the advent of many AM technology and CAD software, more efficient cooling channels can be able to design and manufacture in the mould with many complex layout and cross-sections and with automatic design algorithm (Wang et al., 2011) .
Conformal cooling channels (CCCs) have been proved more efficient when compared with conventional cooling channels in terms of a rate of production and quality of moulded parts (Xu et al., 2001) . Various investigations on CCC have been done such as on channel cross section built as close as possible to the surface of the mould cavities and to increase the efficiency of heat absorption from molten plastic to ensure that the moulded parts are cooled uniformly (Shayfull et al., 2013) .
Hybrid layered manufacturing (HLM) is an AM process that builds metallic objects through a combination of additive and subtractive processes (Karunakaran et al., 2004 (Karunakaran et al., , 2010 . HLM uses metal inert gas (MIG) for layer by layer cladding. This additive process focuses on material integrity and the result is a near-net shape with sufficient machining allowance. After obtaining the near-net shape subtractive process follows using 3-axes computer numerical control (CNC) milling machine to obtain the desired geometric quality. HLM machine was built with an integration of an existed 3-axes CNC milling machine with Fronius MIG-cladding units (TPS 40,000) are retrofitted for layer by layer deposition ).
Literature review
Rapid tooling (RT) is a process manufacturing from 3D CAD models by selectively filling required amounts of tool steel materials to produce a die or a die element. Few researchers are successful in manufacturing a die element using tool steel materials with different AM methods (Zhang et al., 2003; Abe et al., 2001; Milovanovic et al., 2009) . Reducing machining time and waste of material through chipping must be a paramount importance in RT process. The techno-economic analysis was done by Karunakaran et al. (2008) and Yang et al. (2009) shows cost reduction of AM process for aluminium alloy material. The investigation has clearly shown the near net shape for production of a metallic component through AM saved a significant amount of material. The static mechanical properties of AM metallic materials are comparable to conventionally fabricated metallic components. The relatively high cooling rates achieved in many of the AM processes reduce partitioning and favour reduced grain sizes (Frazier, 2014) .
To keep a constant temperature of a die or a die element in operation, cooling channel positioning must be designed efficiently to remove excessive heat (Dimla et al., 2005) . The conventional straight cooling channels are not effective enough compared with the tooling produced by AM with CCC (Wang et al., 2011) . A tooling elements encountering frequent temperature variation should be manufactured with CCC to effectively avoid heat wave (Li et al., 2012) .
Pre-heating is often used to reduce the residual stresses and the risk of thermal distortion and cracking for tool steel cladding (El-Banna, 1999) . A research work has shown on 12% Cr steel welding the effect of preheating process on microstructure and to avoid cracking by martensitic microstructure (Sánchez-Cabrera et al., 2007) .
To reduce production cost of a die element and to realise the most possible cooling system, HLM process selected H13 tool steel material to realise the process. To start the research on a die element the tool and die industry has proposed a die element called diffuser. The selection was made because the die element has been suffering from inefficient cooling. Using 3-axes HLM or in any other MIG cladding process, H13 tool steel material of 1.2 mm diameter wire has never been used for tooling application.
In this research, the MIG cladding process parameter selection, effective cooling channel design and manufacturing steps of the die element is covered.
Different researchers have shown the influence of process parameters on weld bead geometry. The relationship between weld penetration and current is directly proportional moreover weld bead width and height decrease with the increase in welding speed (Ibrahim et al., 2012; Murgan and Parmar, 1994; Kannan and Yoganandh, 2010) . This indicates that optimum process parameters are essential in obtaining good quality weld bead. In return helps for obtaining final product through layer by layer deposition.
Process principle and experimental setup
In general, the AM process breaks down a 3D CAD model into slices of numbers of 2D geometry. HLM process also follows similar trend of converting 3D model to 2D geometry slices for simplicity of layer by layer cladding. The sliced 2D geometry will be deposited layer by layer using MIG cladding until the final geometry or near net shape is obtained.
Process principle
The principle of HLM process is based on layer by layer cladding of molten wire using synergic MIG-cladding which is retrofitted with 3-axes CNC machine. It is the most economical way of depositing molten metal using wire as a raw material (Abe et al., 2001) . The entire process is summarised in the flow diagram shown in Figure 1 . For the geometric realisation of the actual component, the 3D CAD model is sliced to 2D at a prescribed layer thickness using HLM software (Figure 2 ). Following the 2D geometry, the file is imported into an NC post-processing platform, which generates an NC tool path for the area filling as well as the contour as per the predetermined deposition parameters. A cladding unit [MIG, tungsten inert gas (TIG) or LASER] deposit the material in the required region. After deposition, a face milling operation is performed to maintain the required Z-height and remove the scale. Before deposition of the next layer, the pre-built layer is preheated up to a required temperature using an induction-based preheating unit. The steps are repeated for all the layers. Once the near-net shape is generated the final finish machining operation is carried out. The experimental setup for HLM has been described in the next section.
Experimental setup
The experimental setup for HLM process is shown in Figure 3(a) . This setup uses a 3-axes milling machine with a cladding gun that is vertically attached to the spindle housing. A retrofitting of synergetic MIG cladding on a 3-axes milling machine is required in order to carry out the process (Karunakaran et al., 2004) , thus eliminating any need to buy special equipment such as linear axes or robotic mechanism for wire feeding and 3-axes linear motion system. The substrate is mounted on a universal fixture of dimensions 1000 × 480 × 150 mm with zigzag cooling ducts (Figure 3(b) ). For clamping the substrate, a grid of M12 tapped holes has been formed at an interval of 25 mm.
To keep the same initial temperature of the substrate for all weld bead experiments, the coolant will be circulated through the zigzag ducts, taking away the excess heat. The experimental setup for the preheating unit will be explicitly explained in Section 5.3. 
Design of experiments
The design of experiment (DOE) techniques is used for interactive effects of many factors that could affect the output results in any experiment. A series of experiments were performed to refine the HLM process parameters for a better cladding rate and sound end product. A set of preliminary experiments were conducted with distinct level to iterate and optimise the process parameters. Using Taguchi DOE method, the basic level of single weld bead deposition process parameters was investigated. The single weld bead deposition was performed to find out the width, height and penetration of the weld bead with respect to different combination of process parameters. The second level of experiment is for multi-bead to create a single layer and the third level is multi-layer cladding experiments. The main objective of multi bead experiment is to find out the optimum pitch distance between two successive single weld beads. This procedure is helpful to find out the required amount of cladding layer thickness. The last level of the experiment is multi-layer deposition, in which the main objective in this is to investigate the physical parameters such as hardness and microstructure of the component. In this paper, the hardness of the multi-layer deposited component was investigated using the selected process parameter.
The preliminary experiments were done to obtain the optimised process parameters for the weld deposition were carried out using 1.2 mm diameter wire of H13 tool steel material. The nominal composition of H13 tool steel is shown in Table 1 . In this experiment, the cladding machine used is Fronius Trans Puls Synergic 4000 MIG which is retrofitted on ARGO 3-axes CNC machine. There are three process parameters which are prominently influential and used in MIG cladding. In the present study, three level process parameters are considered, such as stand of distance, current and torch speed. Based on the process parameters selected, three levels of Taguchi DOE was proposed to find out the combined effects of the process parameters on a single weld bead output. Taguchi DOE s can help to optimise process parameter for enhancing the quality of weld bead (Pal et al., 2009; Aghakhani et al., 2011) . The details of these parameters with the predetermined values are given in Table 2 . The single weld bead experiment has to be conducted based on an appropriate combination of process parameters. The orthogonal array was used to systematically combine the process parameters and to get less number of experiments and for better end results is shown in Table 3 . Based on the orthogonal array, single weld bead deposition was done on H13 tool steel substrate using synergic MIG cladding. The result is shown in the Figure 4 . 
Results and discussion
Nine different single weld bead depositions were done based on the orthogonal array experiment design. As per the orthogonal array, the single beads were deposited on H13 tool steel substrate. In order to get a better result, the weld bead substrate shown in Figure 4 , was sectioned into two pieces, perpendicular to the weld bead, by using wire EDM. The finishing of the surface was done by filling, polishing and using a 2% Nital etchant. The profile of the weld bead was photographed and reading was taken using Stereo Microscope measurement, as shown in the Figure 5 . The detail of the reading is recorded in Table 4 . 
Signal to noise ratio
In the Taguchi method, the signal/noise ratio (S/N) represent the desired signal value and the undesirable noise value, respectively. The S/N ratio measures how the response varies relative to the nominal or target value under different noise conditions. It is possible to choose from different S/N ratios, depending on the goal of your experiment. In this case, the larger is better S/N ratio formula was taken to reach the target point. And the equation is stated in equation (1).
where n is the number of measurements and y i is for each measured value. In this study, the effect of stand of distance, torch speed and current were studied and their effects were compared using S/N ratio for the optimum value of width, height and penetration. In AM process, the width and height play a major role in determining the layer thickness. Penetration is essential to study the integrity of the component. The S/N mean ratios were calculated for each measured process parameters and the result is shown in Table 5 . The compiled diagrams for the calculated process parameter values and results are shown in Figure 6 . Based on Figure 6 (a) for 1.2 mm diameter of H13 tool steel material an optimum weld bead width for MIG-cladding can be obtained combining Tf 1 I 3 H 2 weld parameters. For optimum weld bead height MIG-cladding combined parameters are Tf 1 I 3 H 1 , as shown in Figure 6 (b). For better weld penetration on the substrate weld process parameters should be Tf 1 I 3 H 3 , as shown in Figure 6 (c).
Analysis of variance
Analysis of variance (ANOVA) is a statistical technique used to evaluate the size of the difference between sets of scores. The calculation has been done to find out the welding process parameters which affect the most to the weld deposition. This analysis was done using the S/N ratio value calculated from Table 5 . To begin the analysis sum of square formula was used to get the percentage contribution of each process parameters and the error. The sum of square analysis was done using equations (2)-(4) for total, individual and error, respectively. The influence of MIG cladding process parameters are identified using the percentage of contribution. It is obtained from the deviation of each individual sum of square from the total sum of square. Based on the formula given below each calculation was done and listed in Table 6 .
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where T SS is the total square of sum, t SS is the sum of square due to each factor, SS e is error sum of square, T Y is the total mean of the S/N ratio of the group, j Y is the mean of each level of the individual / S N ratio value. Based on the given formulas, the detail calculation of sum of squares for each process parameters were calculated and final results are in Table 6 . The F ratio is also used to determine which weld deposition parameters have a significant effect on the weld bead quality. It was calculated by taking the ratio of an individual sum of square against the error, as shown in equation (5). Another factor in this calculation is mean square (MS) value. It can be calculated by taking the ratio of an individual sum of square factor against the degree of freedom (DOF), as shown in equation (6). Generally, DOF can be calculated by subtracting a single unit value from the number of level of each process parameters, see equation (7). 
where n is the number of levels used in the Taguchi experiment of design. The percentage contribution is calculated based on the value of F ratio for each process parameter including for error against the total F value, named after R.A. Fisher, see equation (8).
where F i is the value for individual F ratio and F T is the value for total summation of F ratio values. It shows that the change of the weld deposition process parameter has a significant effect on the dimension of the weld bead and results in the F value to be large. It results in the increase of percentage of contribution. Based on the calculated percentage of contribution, Figure 7 was drawn to show the effect of each process parameters. The maximum contribution for optimum width is obtained from torch speed. For optimum weld bead height and penetration, current plays the most important role. 
Case study
The 3D CAD model of a die element called diffuser was developed to be used as a die insert, as shown in Figure 8 . The above analysed weld process parameters were used to develop a diffuser using HLM process. From the S/N ratio curve of penetration, shown in Figure 6 , the optimal value of penetration can be obtained by using the parameters as follows, Current 220A, stand of distance 12 mm and torch speed 1000 mm/min. By using these parameters, the obtained bead width and height are 8 mm and 1.8 mm, respectively. The optimal value of track overlap will be 75% of the bead width. After MIG cladding of each layer, the scallop and oxidised surface were chipped off using face milling cutter leaving 1 mm or more for Z increment. The final layer by layer cladding process was able to give a near net shape geometrically similar to the 3D model. The final near net shape contains staircase effect, which is an inherent problem in layer by layer AM process. Post processing operation was done using machining operation to correct the staircase effect and to obtain the final surface finish and geometry. 
Moldflow analysis
Some of the major problems facing injection moulders today are how to reduce cycle time, part warpage and shrinkage alongside lowest production costs. Xu et al. (2001) described the production of injection moulding tooling with CCCs using the AM process. Other studies show design optimisation for die inserts to reduce cooling time and to increase productivity (Dimla et al., 2005) . The 3-axes HLM process has limitation to produce intricate shapes of cooling channels, but few cooling channels are possible to manufacture. The diffuser had earlier a cooling channel called baffle. This cooling system is manufactured separately and bolted to the bored die element. This assembly creates leakage, frequent breakage and wearing out of the bolt. Hence an inbuilt and more efficient cooling channel was required for a smooth manufacturing process. Among the alternative cooling systems, baffle cooling was compared with bubbler cooling system based on the similarity in geometry and space utilisation in the die element. Mohamed et al. (2013) showed the mould flow analysis to select for a better cooling time for plastic injection mould production. In deciding which type of cooling channel system is efficient for the diffuser die element the final selection was done based on the result obtained from Autodesk Moldflow analysis. The schematic representation of baffle and bubbler are shown in Figure 9 . These two types of cooling channels are analysed and compared for this particular case. Hence any obtained conclusion will be specific to this case study only. In this analysis, the basic parameters such as Reynold number, coolant type and plastic material were taken similar for both cooling system conditions. One of the initial conditions in Autodesk Moldflow analysis is the filling time analysis is shown in Figure 10 (a). It shows the smooth condition and filling of the plastic component. Few other parameters in this analysis are shown in Figure 10 The Moldflow result shows that the baffle type cooling channel gave an incomplete cooling and it takes longer time; see Figure 11 (a). The bubbler type cooling channel gave a complete cooling for the given geometry of a part and moreover, it takes shorter time compared with baffle cooling channel; see Figure 11 (b). Hence bubbler cooling channel is selected as per the result obtained from Moldflow analysis. Based on this result, the 3D model of the cooling system was prepared with appropriate dimension for a production purpose. 
Deposition process
The 3D STL model was redesigned by considering bubbler type cooling channel with appropriate dimension. Slicing the 3D model to 2D model was done using CAD software package. The NC program was based on the area filling and the external and internal contour of the sliced 2D model; see Figure 12 . The appropriate welding parameters for deposition of 1.2 mm diameter wire of H13 tool steel material have been selected in previous MIG cladding process parameter selection method. Generally H13 tool steel material has a property to cool quickly after MIG cladding. In the case of H13 tool steel deposition the available supply of liquid weld metal is insufficient to fill the spaces between dendrite shapes solidifying molten weld metal, which will be opened by shrinkage strains. This property of the material makes it to be susceptible to solidification cracking. To avoid solidification cracking phenomena before each layer of MIG cladding preheating has been done. The detail preheating process is explained in Section 5.3. The H13 substrate material was prepared first as per the requirement (Figure 13(a) ). Then, layer by layer deposition of MIG cladding was followed. After each layer CNC machining was done to avoid oxidation and waviness due to weld beads (Figure 13(b) ). For each machining 1 mm or more material should be left for Z increment. The total n number of layers of addition of material through MIG cladding will result in a final near net shape (Figure 13(c) ). Finally, to avoid a staircase effect and oxidation CNC finish machining has been done to get a final dimension and surface finish (Figure 13(d) and (e)). 
Preheating methods used for MIG cladding
In the development of the tooling using MIG cladding two types of preheating methods were used in the development process. These are TIG arc and Induction heating methods. There are few reasons to utilise preheating for cladding H13 tool steel material, to slow down the cooling rate and allows the backfilling of molten metal to be feed in the proper dendritic position so that solidification cracking can be avoided (Thomas and Horst, 2005) . However, preheating changes the heat transfer conditions and affects the final microstructure and properties.
In the first few layer of MIG cladding of H13 material, TIG arc was used for preheating the substrate. This preheating system was selected based on the availability of the setup in RM Lab, IIT Bombay (Figure 14(a) ). After few layers of MIG cladding, it is observed that the cracking started at the point of the neck of the part; see Figure 14 (b) and (c). This was happened because of two reasons. The first one is the insufficient retention of preheating temperature before MIG cladding. This happened while changing of set up from TIG preheating to MIG cladding at this process a significant amount of time was lost. This leads to the loss of preheating temperature from the substrate material. The second reason might be oxidation of the substrate material due to TIG arc heating. In the second attempt, the experiment was done using induction preheating method. In this method, the substrate was heated up to 350°C before each layer of MIG cladding. The induction heating device was designed for cladding purpose to get an output of 3.2 KW power and frequency range of 10-20 kHz. The shape of the coil is called pancake type. The detail is shown in Figure 15 . In this preheating method, the required temperature was achieved in short period of time and relatively less oxidation was seen. 
Preheating results
To see the effect of induction preheating on MIG cladding, two samples were prepared using H13 tool steel material. One is using induction preheating and the other is without preheating. The deposition parameters are Current 220A, stand of distance 12 mm and torch speed 1000 mm/min. The deposited near net shape and finished block is shown in Figure 16 . Micro hardness of the sample manufactured was tested in all coordinate directions. The deposition direction was along the x-axis, the successive weld bead or pitch was along the y-axis and the block was completed adding layer by layer in the z-direction. The part of size ( 50 10 10 × × ) was finished machined and removed out from the substrate material. In Figure 17 (a), two machined blocks deposited using in-situ preheating process and without preheating, respectively. Micro hardness machine is used to measure the hardness in the three coordinate directions. We have taken 24 points from one end to another in X-coordinate, 16 points along successive bead direction in Y-coordinate and 12 points from bottom to top layer direction in Z-coordinate. The measured hardness in HRC unit on these points are shown in Figure 17 Further for microstructure study, the required specimen was prepared by cutting out from the centre of the deposited sample using EDM wire cut of size 10 × 10 mm. The samples were polished and soaked in etchant of 2% Nithal for one minute. The microstructures of both samples were seen using electron microscope of Axiocam iCc3, ZEISS. The microstructural study of the two sample results are shown in Figure 18 . The electron microscope pictures shows the distinctions between the samples produced using the two methods. Figure 18 (a) shows more number of porosity and Figure 18 (b) shows very less. In Figure 18 (d), (f) and (h), the part which is produced using in-situ preheating shows clear elongated grain structure, whereas Figure 18 (c), (e) and (g) which is produced without preheating shows finer grain structure arraignment. MIG cladding or welding of H13 tool steel material is susceptible to solidification cracking if it is not done with in-situ preheating. In order to observe the solidification cracking phenomenon of the part without in-situ preheating investigation were done using scanning electron microscope (SEM), EVO/18 ZEISS. In the sample produced without in-situ preheating, the number of porosity are more and the close investigation shows that the solidification cracking usually begins from this spot or porosity; see Figure 19 . 
Test result of CCC
To see the effectiveness of the new cooling system thermal analysis was done. In this process, a thermal image was taken to see if there are any cooling line defect and inefficiency of the cooling system. In order to see that the diffuser was heated using oxyacetylene torch up to a temperature of 180 o C for 1 h. The result shows that when there was no coolant used, the maximum temperature measured on the surface was around 150°C. This measurement was taken using thermal image camera; see Figure 20 (a). When the coolant was allowed to pass through the bubbler cooling channel the part temperature drops to 99°C within few seconds (Figure 20(b) ). This shows a significant amount of heat was removed with newly designed bubbler cooling channel.
Conclusions
In HLM process, the material is added using MIG cladding and the dimensional accuracy and surface finish is archived by a milling operation. The desired shape component is deposited by MIG cladding process in layers which is consisting of several weld-beads. In this work, three types of experiments were performed namely: Single-bead experiments, multi-bead experiments and multi-layer experiments. The single-bead experiments have been designed by Taguchi method, to observe the effect of process parameters such as torch speed, current and standoff distance on the output parameters such as weld bead-width, height and penetration. Also, the effect of process parameters were studied using ANOVA and it was found that the influence of torch speed on weld bead-width, current on weld bead-height and penetration are found to be the most influential parameters. Multi-bead experiments are useful to obtain the optimal pitch between two consecutive weld beads. Multi-layer experiments are useful to find out physical properties and microstructure of the deposition. In this experiment, the H13 tool steel material deposited using MIG cladding, the average hardness of the deposited block is around 53 HRC. In this study, a DOE was used only to optimise the geometric parameters, in the future one can study the optimisation of the microstructure along with the geometric parameters.
This case study has been carried out to manufacture a die element of H13 tool steel material by HLM process. The preheating of the prebuilt layer is required for the hard materials such as H13 tool steel to avoid solidification cracking. Two preheating processes were used such as TIG arc and induction heating. Out of this processes, induction type preheating found to be more suitable for such applications. The microstructure of the MIG cladding sample shows that the in-situ preheated sample has shown elongated dendritic microstructure and the sample without preheating shows finer grain structure. The finer grain structure is the main reason for a higher hardness of the H13 sample with MIG cladding process. Moreover, the number of porosities is higher on the sample produced without in-situ preheating. The higher number of occurrence of porosity is the other reason for solidification cracking to occur. In future one can also preform the Archimedes density experiments for porosity study.
In order to increase the tool life and to increase CCCs are used in AM for tooling. A comparative study of cooling channels of bubbler and baffle were carried out using Moldflow analysis. It was found that the bubbler cooling channel gives much better result, in terms of cycle time and temperature distribution compared with baffle. After deposition of the d element and finish milling the thermal analysis has been done in order to check the cooling channel working condition. Using thermal camera for this test, which shows the reduction in maximum temperature from 1 50 C to 99 C .°°
